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Shan Wang1,2 and Jing Wu1

Abstract
The accumulation of palmitic acid (PA), implicated in obesity, can induce apoptotic cell death and inflammation of
astrocytes. Caveolin-1 (Cav-1), an essential protein for astrocytes survival, can be degraded by autophagy, which is a
double-edge sword that can either promote cell survival or cell death. The aim of this study was to delineate whether the
autophagic degradation of Cav-1 is involved in PA-induced apoptosis and inflammation in hippocampal astrocytes. In this
study we found that: (1) PA caused apoptotic death and inflammation by autophagic induction; (2) Cav-1 was degraded
by PA-induced autophagy and PA induced autophagy in a Cav-1-independent manner; (3) the degradation of Cav-1 was
responsible for PA-induced autophagy-dependent apoptotic cell death and inflammation; (4) chronic high-fat diet (HFD)
induced Cav-1 degradation, apoptosis, autophagy, and inflammation in the hippocampal astrocytes of rats. Our results
suggest that the autophagic degradation of Cav-1 contributes to PA-induced apoptosis and inflammation of astrocytes.
Therefore, Cav-1 may be a potential therapeutic target for central nervous system injuries caused by PA accumulation.

Introduction
In the central nervous system (CNS), lipids are majorly

synthesized and metabolized by astrocytes1,2. Palmitic acid
(PA), the most abundant saturated free fatty acid (FFA) in
the diet, is elevated in plasma of the obese subjects3,4.
Excessive PA could permeate the blood–brain barrier5,6,
and then stimulate the production of proinflammatory
cytokines and initiate caspase cascades, resulting in
inflammation and apoptosis of astrocytes7,8. In order to
provide an effective intervention for lipotoxicity of PA in
CNS, further investigation is required to more precisely
delineate the molecular mechanisms by which PA causes
cellular damage to astrocytes.

Autophagy, a conserved evolutionary process in all
eukaryotic cells, is responsible for the sequestration and
delivery of damaged organelles and macromolecule into
lysosomes for degradation, which acts as a pro-survival
mechanism9–12. However, when autophagy is prolonged
or overstimulated, it accelerates autophagic degradation
of some survival-associated proteins13–15, leading to
autophagic cell death, which seems like a hyper-
stimulated self-eating of cells. It has been reported that
autophagy aggravated the lipotoxicity of PA in endothelial
cells16 and cardiomyocytes17, whereas reversed the
damage caused by PA in human gastric cancer cells18 and
adipocytes19, suggesting that the contribution of autop-
hagy to cell fates, survival or death, varied in a cell type-
dependent fashion. In the present study, we focus on the
role of autophagy in PA-caused lipotoxicity in astrocytes.
Caveolin-1 (Cav-1), the principal structural component

of caveolae membranes, which can modulate cell death
and survival pathways via direct interaction with specific
binding partners20, is expressed abundantly in astrocytes
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Fig. 1 (See legend on next page.)
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in CNS21. It has been reported that Cav-1 may influence
fatty acid uptake by regulating surface availability of fatty
acid translocase (FAT/CD36)22. Available evidence indi-
cates that Cav-1 overexpression alleviates hypoxia-
induced astrocyte apoptosis23, whereas Cav-1 knock-out
(KO) enhances traumatic brain injury-induced neuroin-
flammation24. More importantly, Cav-1 can be degraded
by hypoxia-induced autophagy in stromal fibroblasts25

and non-small-cell lung cancer cells26. However, whether
the autophagic degradation of Cav-1 is involved in PA-
induced lipotoxicity is not clear.
In this study, we have investigated whether or not

the autophagic degradation of Cav-1 contributes to PA-
induced apoptosis and inflammation in astrocytes, and
confirmed the decline of Cav-1 in hippocampal astro-
cytes of high-fat diet (HFD) rats, in which the serum
FFA is excessive. Our major findings are: (1) PA caused
apoptotic death of astrocytes by autophagic induction;
(2) PA increased the expression of proinflammatory
cytokines and nuclear factor-κB (NF-κB) phosphoryla-
tion by autophagic induction; (3) Cav-1 was degraded by
PA-induced autophagy and PA induced autophagy in a
Cav-1-independent manner; (4) the overexpression of
Cav-1 attenuated PA-induced apoptotic cell death and
inflammation; (5) PA-induced apoptosis and inflamma-
tion could not be inhibited by autophagy inhibitor 3-
methyladenine (3-MA) in Cav-1 silence cells; (6)
chronic HFD induced apoptosis, inflammation, autop-
hagy, and Cav-1 downregulation in the hippocampal
astrocytes of rats.

Results
PA caused apoptotic death of astrocytes by autophagic
induction
Previous studies have demonstrated that autophagy can

be induced by PA in several cell lines16,19,27. We deter-
mined whether PA-induced autophagy changed over a

time course in purified cultured astrocytes verified by
immunofluorescence (Supplementary Fig. 1). We mea-
sured the levels of LC3B-II protein accumulation
(autophagic flux marker) in PA-treated astrocytes in the
presence and absence of chloroquine (CQ, inhibitor of
autophagic degradation). The results of western blots
showed that the difference in the LC3B-II protein level in
the presence of CQ compared to that in its absence,
increased with prolonged incubation of cells (Fig. 1a),
suggesting PA induced autophagic flux in a time-
dependent manner. Consistently, increased LC3B after
12 h exposure to PA was observed by immuno-
fluorescence (Fig. 1b). Furthermore, the formation of
autophagic vesicle was detected by transmission electron
microscopy. As shown in Fig. 1c, the autophagic vacuoles
were observed in PA-treated astrocytes, but rarely seen in
untreated cells.
To evaluate the functional role of autophagy in PA-

induced cell death, we assessed apoptotic and necrotic
death of PA-treated astrocytes by pretreating the cells
with an autophagy inhibitor, 3-MA. We found that 3-MA
treatment inhibited the increase of LC3B-II induced
by PA, whereas CQ aggravated it (Fig. 1d). Interestingly,
3-MA could rescue PA-induced apoptotic death, but not
necrotic death (Fig. 1e), accompanying the down-
regulation of the ratio of Bax/Bcl-2 and the expression of
Fas and cleaved caspase 3 (CASP3) (Fig. 1f). Furthermore,
when the autophagy genes ATG5 and ATG7 were
knocked down in primary astrocytes (Supplementary
Fig. 2a and b), both autophagic flux and apoptotic death
induced by PA were inhibited (Supplementary Fig. 2c,
Fig. 1g). Consistent with pharmacological blocking, gene-
silencing of ATG5 or ATG7 also had no effect on PA-
caused necrotic death (Fig. 1g). These results were evi-
denced by the detection of reduced Bax/Bcl-2 ratio and
downregulated expression of Fas and cleaved CASP3
(Fig. 1h). These results suggest that autophagy activation

(see figure on previous page)
Fig. 1 PA caused apoptotic death of astrocytes by autophagic induction. a Western blots showing the protein levels of LC3B-II in the astrocytes
incubated with PA (0.25 mM) for the indicated times in the absence and presence of CQ (50 μM) (mean ± S.E.M. n= 3, *P < 0.05 vs. control; #P < 0.05
vs. corresponding time without CQ). b Representative fluorescent images showing the LC3B puncta formation in astrocytes incubated with PA
(0.25 mM, 12 h) in the absence and presence of CQ (50 μM). Scale bar, 25 μm. The LC3B puncta area per cell was analyzed by Image J software and
the fold change in LC3B puncta area relative to the control was plotted (mean ± S.E.M. n= 3, *P < 0.05 vs. BSA; #P < 0.05 vs. PA). c Representative
transmission electron microscopy images of the astrocytes incubated with PA for 12 h. Yellow arrows denote autophagosomes. Scale bar, 5 μm. The
number of autophagosomes per cross-sectioned cell were calculated (mean ± S.E.M. n= 10/group, *P < 0.05 vs. BSA). d Western blots showing the
expression of LC3B-II in the astrocytes exposed to PA (0.25 mM, 12 h) in the absence and presence of 3-MA or CQ (mean ± S.E.M. n= 3, *P < 0.05 vs.
BSA; #P < 0.05 vs. PA). e The Annexin-V/PI labeling flow cytometry showing the apoptotic rate (Annexin V+/PI− and Annexin V+/PI+) and necrotic rate
(Annexin V−/PI+) of astrocytes exposed to 0.25 mM PA in the absence and presence of 3-MA (10 mM) (mean ± S.E.M. n= 3/group, *P < 0.05 vs. BSA;
#P < 0.05 vs. PA). f Western blots showing the expression of Fas, CASP3, cleaved CASP3, and Bax/Bcl-2 ratio in the astrocytes exposed to PA (0.25 mM,
12 h) in the absence and presence of 3-MA (10 mM) (mean ± S.E.M. n= 3, *P < 0.05, **P < 0.01 vs. BSA; #P < 0.05 vs. PA). g The Annexin-V/PI assay
showing the apoptotic rate (Annexin V+/PI− and Annexin V+/PI+) and necrotic rate (Annexin V−/PI+) of ATG5 or ATG7-deficient cells incubated with
PA (0.25 mM, 12 h) (mean ± S.E.M. n= 3/group, *P < 0.05, **P < 0.01 vs. BSA+ SC-siRNA; #P < 0.05 vs. PA+ SC-siRNA). h Western blots showing the
expression of Fas, CASP3, cleaved CASP3, and Bax/Bcl-2 ratio in ATG5 or ATG7-deficient cells incubated with PA (0.25 mM, 12 h) (mean ± S.E.M. n= 3,
*P < 0.05, **P < 0.01 vs. BSA+ SC-siRNA; #P < 0.05 vs. PA+ SC-siRNA)
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is implicated in PA induced apoptotic death, but not
necrotic death.

PA increased the expression of proinflammatory cytokines
and p-NF-κB by autophagic induction in astrocytes
As shown in Fig. 2a, the mRNA levels of interleukin-1β

(IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α
(TNF-α) were dramatically increased in the PA-treated
group, compared with the control. The expression level of
p-NF-κ B p65 at Serine-536 but not total NF-κB
p65 showed a sharp and significant increase in the cells
exposed to PA as compared to controls (Fig. 2b).
In order to investigate the contribution of autophagy to

PA-induced inflammation, the blockage of autophagy by
pharmacological or genetic means was used in our study.
Compared with the PA-treated cells, the mRNA levels of
IL-1β, IL-6, and TNF-α were significantly inhibited by
3-MA, ATG5 small interfering RNA (siRNA) or
ATG7 siRNA (Fig. 2a, c). As predicted, the upregulation

of p-NF-κB p65 at Serine-536 induced by PA was also
reversed by the blockage of autophagy (Fig. 2b, d). These
results indicate that autophagy activation is involved in
PA-induced inflammation.

Cav-1 was degraded by PA-induced autophagy
The mRNA expression of Cav-1 measured by real-time

qPCR showed no statistical difference between PA-treated
group and control group (Fig. 3a). However, the protein
expression of Cav-1 by western blots demonstrated 54%
reduction in the PA-treated group as compared with
control (Fig. 3c). By employing immunofluorescence
staining, we found that most of the Cav-1 signals were
detected in the membrane and cytoplasm of cells, which
was co-localized with the astrocytes marker glial fibrillary
acidic protein (GFAP) (Fig. 3b). Consistent with our
western blot analyses, decreased Cav-1 immunosignals
were observed in the PA-treated group (Fig. 3b). These
results indicate that PA decreases the expression of Cav-1

Fig. 2 PA increased the expression of proinflammatory cytokines and p-NF-κB by autophagic induction in astrocytes. a Real-time qPCR and
b western blots showing the mRNA levels of inflammatory cytokines (TNF-α, IL-1β, and IL-6) and the expression of p-NF-κB respectively in the
astrocytes incubated with PA (0.25 mM, 12 h) in the absence and presence of 3-MA (10mM) (mean ± S.E.M. n= 3, *P < 0.05, **P < 0.01 vs. BSA;
#P < 0.05, ##P < 0.01 vs. PA). c Real-time qPCR and d western blots showing the mRNA levels of inflammatory cytokines (TNF-α, IL-1β, and IL-6) and the
expression of p-NF-κB, respectively, in ATG5 or ATG7 silence astrocytes exposed to PA (0.25mM, 12 h) (mean ± S.E.M. n= 3, **P < 0.01 vs. BSA+ SC-siRNA;
#P < 0.05 vs. PA+ SC-siRNA)
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through a post-transcriptional mechanism. Pretreatment
with the autophagy inhibitor 3-MA or lysosomal inhibitor
CQ, but not with the proteasome inhibitor MG132,
blocked the decline of Cav-1 protein induced by PA
(Fig. 3c, d). Furthermore, the knockdown of either ATG5
or ATG7 rescued the level of Cav-1 caused by PA

(Fig. 3e). Taken together, our results suggest that the loss
of Cav-1 protein in PA-treated astrocytes is attributed to
the increased autophagic degradation, but not proteaso-
mal degradation.
Previous studies demonstrated that Cav-1 could reg-

ulate autophagy in several cells28,29. To explore the

Fig. 3 Cav-1 was degraded by PA-induced autophagy. a Real-time qPCR showing the expression of Cav-1 mRNA in the astrocyte exposed to PA
(0.25 mM, 12 h) (mean ± S.E.M. n= 3). b The representative immunofluorescence images of Cav-1 in the astrocytes exposed to PA (0.25 mM, 12 h).
Cav-1 was shown in red; GFAP was shown in green. Scale bar, 100 μm, n= 3. Western blots showing the expression of Cav-1 in the astrocytes
incubated with PA (0.25 mM, 12 h) in the absence and presence of 3-MA (c) or CQ (c) or 10 μmol/L MG132 (d) (mean ± S.E.M. n= 3, *P < 0.05 vs. BSA;
#P < 0.05 vs. PA). e Western blots showing the expression of Cav-1 in ATG5 or ATG7-deficient astrocytes exposed to PA (0.25 mM, 12 h) (mean ± S.E.M.
n= 3, *P < 0.05 vs. BSA+ SC-siRNA; #P < 0.05 vs. PA+ SC-siRNA). f Western blots showing the expression of LC3B-II in Cav-1-deficient astrocytes
exposed to PA (0.25 mM, 12 h) (mean ± S.E.M. n= 3, *P < 0.05 vs. BSA+ SC-siRNA). g Western blots showing the expression of LC3B-II in Cav-1
overexpressing astrocytes exposed to PA (0.25 mM, 12 h) (mean ± S.E.M. n= 3, *P < 0.05 vs. BSA+ Ad-null)
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contribution of Cav-1 to autophagy in astrocytes, we
transfected the astrocytes with Cav-1 siRNA and the
knockdown of Cav-1 was confirmed by real-time qPCR
and western blot (Supplementary Fig. 3a, b). As shown in
Fig. 3f, the knockdown of Cav-1 could not increase the
expression of LC3B-II independent of the presence of PA.
In addition, we infected the astrocytes with adenovirus
encoding Cav-1 and the overexpression of Cav-1 was
confirmed by real-time qPCR and western blot (Supple-
mentary Fig. 3c, d). No significant difference of LC3B-II
expression was detected between Cav-1 overexpressing
cells and the control cells in the presence or absence of
PA (Fig. 3g). These data indicated that PA induced
autophagy in a Cav-1-independent manner.

The degradation of Cav-1 was responsible for PA-induced
autophagy-dependent apoptotic cell death and
inflammation
To delineate the role of Cav-1 in PA-induced cell death

and inflammation, the astrocytes with or without transient
Cav-1 overexpression or knockdown were exposed to PA.
As shown in Fig. 4a, overexpression of Cav-1 attenuated
PA-caused apoptotic death, whereas downregulation of
Cav-1 dramatically worsened it, with no effect on necrotic
death. Consistently, Cav-1 overexpression inhibited PA-
induced increase in Bax/Bcl-2 ratio, Fas and cleaved CASP3,
whereas Cav-1 silence aggravated them (Fig. 4b). In addi-
tion, the mRNA expression of TNF-α, IL-1β, and IL-6, and
the protein expression of p-NF-κB but not total NF-κB were
inhibited by Cav-1 overexpression, but worsened by Cav-1
knockdown in PA-treated astrocytes (Fig. 4c, d). Collec-
tively, our results indicate that the degradation of Cav-1
contributes to PA-induced cell apoptosis and inflammation
in astrocytes.
To explore whether Cav-1 degradation is responsible for

PA-induced autophagy-dependent apoptosis and inflam-
mation, we observed the role of 3-MA in PA in Cav-1
silenced cells. As shown in Fig. 4e, the inhibition of PA-
induced apoptotic death by 3-MA disappeared in Cav-1
knockdowned cells. Consistently, the downregulation of
anti-apoptotic protein and upregulation of proapoptotic
protein induced by PA could not been inhibited by 3-MA
in Cav-1 silence cells (Fig. 4f). Also, the downregulation of
proinflammatory cytokines and p-NF-κB by 3-MA was
also abolished by Cav-1 knockdown in PA-treated astro-
cytes (Fig. 4g, h). Apparently, these results suggest that
Cav-1 degradation contributes to PA-induced autophagy-
dependent apoptosis and inflammation in astrocytes.

Chronic HFD induced Cav-1 degradation, apoptosis,
autophagy, and inflammation in the hippocampal
astrocytes of rats
Having confirmed the action of PA on astrocytes

in vitro experiments, we next sought to examine whether

excessive FFA is associated with the decline of Cav-1
in vivo. To answer this question, we detected the level of
Cav-1 in the hippocampi of chronic HFD rats, in which
the serum concentrations of TG and FFA were sig-
nificantly increased (Supplementary Tab. 2). As observed
in the vitro model, the protein levels but not the mRNA
levels of Cav-1 was decreased in the hippocampi of HFD
rats as compared with that in the controls (Fig. 5a, b).
Furthermore, we found that weak immunoreactivities of
Cav-1 were observed in hippocampal astrocytes in the
chronic HFD brains, as compared to the control (Fig. 5c).
Associated with the downregulation of Cav-1 expression,
upregulated ratio of terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL)-positive astrocytes and
increased LC3B puncta area of astrocytes were observed
in the hippocampus of HFD rats (Fig. 5d, e). And, the
mRNA expression levels of proinflammatory cytokines
(IL-1β, TNF-α, and IL-6) of the hippocampi were sig-
nificantly increased in HFD rats compared with control
rats (Fig. 5f).

Discussion
Several studies focus on PA-induced cell death,

including apoptosis30 and necrosis31. Zhen Wang et al.8

found that the exposure of cortical astrocytes to PA (0.2
mM for 24 h) caused largely apoptosis, but little necrosis.
In our study, the incubation of hippocampal astrocytes
with PA (0.25 mM for 12 h) caused not only apoptosis but
also significant necrosis. It has been demonstrated that rat
hippocampal astrocytes are more sensitive to oxygen-
glucose deprivation (OGD) than cortical astrocytes32,
suggesting that sensitivity of astrocytes on harmful stimuli
might be dependent on the heterogeneity of astrocytes in
different regions33.
Appropriate autophagy degrades damaged organelles

and molecules and provides materials to support meta-
bolism, protecting cells from insult34. However, when the
level of autophagy rises to certain extent, some functional
proteins such as Cav-1 26, catalase13, and dBruce14 were
degraded, leading to apoptosis26, which could be inhibited
by preventing the destructive degradation of these func-
tional proteins15. Previous studies reported several
molecular mechanisms involved in PA-induced autop-
hagy in different cell models, such as the Ca2+ leakage of
the endoplasmic reticulum (ER) in endothelial cells16, the
activation of transcription factor p8-p53-PKC α signal-
ing in human gastric cancer MKN45 cells18, the mod-
ulation of protein kinase C in MEFs cells35, the promotion
of JNK2 signaling pathway in hepatocytes36 and the dys-
function of mitochondria and excess of reactive oxygen
species (ROS) in podocytes37 and hepatocytes38. The
autophagy plays a protective role against PA-induced
damage in human gastric cancer MKN45 cells18 and 3T3-
L1 adipocytes19, but a destructive role in endothelial
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Fig. 4 The degradation of Cav-1 was responsible for PA-induced autophagy-dependent apoptotic cell death and inflammation. The
astrocytes with Cav-1 knockdown or Cav-1 overexpression were incubated with PA (0.25 mM) for 12 h (a–d). a Annexin-V/PI labeling flow cytometry
showing the percentages of apoptotic cells (Annexin V+/PI− and Annexin V+/PI+) and necrotic cells (Annexin V−/PI+) (mean ± S.E.M. n= 3/group,
*P < 0.05, **P < 0.01 vs. BSA; #P < 0.05 vs. PA). b Western blots showing the expression of Fas, CASP3, cleaved CASP3, and Bax/Bcl-2 ratio. c Real-time
qPCR showing the relative mRNA levels of TNF-α, IL-1β, and IL-6. d Western blots showing the p-NF-κB p65 and total NF-κB p65 (mean ± S.E.M. n= 3,
*P < 0.05, **P < 0.01 vs. BSA; #P < 0.05 vs. PA). Cav-1-deficient astrocytes were exposed to PA (0.25 mM, 12 h) in the absence and presence of 3-MA
(e–g). e Annexin-V/PI labeling flow cytometry showing the percentages of apoptotic cells (Annexin V+/PI− and Annexin V+/PI+) and necrotic cells
(Annexin V−/PI+) (mean ± S.E.M. n= 3/group, *P < 0.05 vs. BSA+ Cav-1-siRNA). f Western blots showing the expression of Fas, CASP3, cleaved CASP3,
and Bax/Bcl-2 ratio. g Real-time qPCR showing the relative mRNA levels of TNF-α, IL-1β, and IL-6. h Western blots showing the p-NF-κB p65 and total
NF-κB p65 (mean ± S.E.M. n= 3, *P < 0.05, **P < 0.01 vs. BSA+ Cav-1-siRNA)
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Fig. 5 Chronic HFD induced Cav-1 degradation, apoptosis, autophagy, and inflammation in the hippocampal astrocytes of rats. The HFD
group rats were exposed to high-fat diet for 20 weeks. Con normal control rats, HFD high-fat diet rats. a Real-time qPCR and b western blots showing
the expression of Cav-1 in the hippocampi of control and HFD rats. c Representative images of the Con group and the HFD group were
immunostained by anti-Cav-1. Cav-1 was shown in red; GFAP was shown in green. Scale bar, 100 μm. The Cav-1 fluorescence intensity of GFAP+ cells
and GFAP− cells in the hippocampi of control and HFD rats were analyzed by the Image J software and the fold change in Cav-1 fluorescence
intensity relative to the control was plotted. d Representative images of the Con group and the HFD group were immunostained with GFAP and
TUNEL. TUNEL was shown in green; GFAP was shown in red. Scale bar, 50 μm. The percentage of TUNEL+ GFAP+ cells and TUNEL+ GFAP− cells in the
hippocampi of control and HFD rats were calculated by the Image-Pro Plus software. e Representative images of the Con group and the HFD group
were immunostained with GFAP, DAPI, and LC3B. LC3B was shown in red; GFAP was shown in green. Scale bar, 100 μm. The LC3B puncta area of
GFAP+ cells and GFAP−cells in the hippocampi of control and HFD rats were analyzed by the Image J software and the fold change in LC3B puncta
area relative to the control was plotted. f Real-time qPCR showing the relative levels of TNF-α mRNA, IL-1β mRNA, and IL-6 mRNA of the hippocampi
of control and HFD rats (mean ± S.E.M. n= 5/group, *P < 0.05 vs. Con)
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cells16, suggesting that the role of autophagy induced by
PA maybe cell-type-dependent. In the current study, we
demonstrated for the first time that PA caused apoptotic
death of astrocytes by autophagic induction. We specu-
lated that the treatment of PA (0.25 mM for 12 h) might
cause a high level of destructive autophagy in hippo-
campal astrocytes, which are more sensitive to insult.
Notably, autophagy inhibitor 3-MA inhibited but not
totally block PA-induced apoptosis (Fig. 1e), indicating
that other signaling pathway might be involved in the
mechanism of apoptosis induced by PA. As reported in
previous studies, PA could induce apoptosis by ER stress
or oxidative stress39.
In our present study, we also demonstrated that PA

increased the expression of proinflammatory cytokines
and p-NF-κB by autophagic induction. Similar to PA,
cocaine could upregulate the expression of proin-
flammatory cytokines through autophagic induction in
astrocytes40. The autophagic degradation of the NF-κB
inhibitor IkBα is a vital pathway to activate NF-κB and
increase NF-κB nuclear translocation and transcription
activity41. Recent evidence suggests that autophagy-
induced production of proinflammatory cytokines such
as IL-1β, TNF-α, and IL-6 via NF-κB activation in H5N1
pseudotyped viral particle (H5N1pps)-treated A549
cells42. Further study is required to investigate whether
the autophagic degradation of IkBα or other anti-
inflammation-related proteins contributes to the proin-
flammatory response induced by PA.
Cav-1, a key protein abundant in astrocytes21, was

implicated in several pathological processes, including
apoptosis23, inflammation43, and autophagy26. Our study
showed that PA treatment significantly reduced the pro-
tein levels of Cav-1 but not the mRNA levels in cultured
hippocampal astrocytes. Also, we found that weak
immunoreactivities of Cav-1 were observed in the astro-
cytes of the hippocampus in the chronic HFD brains, as
compared to the control. Similarly, the downregulation of
Cav-1 was also reported in both thoracic aorta endothe-
lium44 and liver of HFD mice45. It has been reported that
Cav-1 co-localized with several autophagy proteins such
as ATG5, ATG12, and LC3B in autophagosome in
endothelial cells46,47. The autophagic degradation of Cav-
1 has been demonstrated in several cell models: hypoxia-
induced autophagic degradation of Cav-1 in A54926;
breast cancer cells-induced autophagic degradation of
Cav-1 in immortalized fibroblasts48. Therefore, we
investigated whether the downregulation of Cav-1 was
due to PA-induced autophagy. In our present study, we
demonstrated that the loss of Cav-1 protein was attrib-
uted to PA-induced autophagic degradation, but not
proteasomal degradation. Although the regulation of
autophagy by Cav-1 has been reported in several cell
models46,49, we showed that neither Cav-1 overexpression

nor Cav-1 knockdown does affect the autophagy process
in PA-treated hippocampal astrocytes. Recently, it has
been reported that, in primary astrocytes derived from
prnp+/+ or prnp0/0 mice, suppressed autophagy was due
to the higher levels of Cav-1 in lipid raft, but not the total
levels of Cav-150. Further study is required to elucidate
the role of Cav-1, especially the cav-1 distribution, in
autophagy in astrocytes.
Cav-1 is essential for cellular survival, and its over-

expression alleviated ischemic death of cortical neurons51

and hypoxia-mediated apoptosis of astrocytes23. In our
present study, we found that the overexpression of Cav-1
attenuated PA-caused apoptotic death, whereas the
downregulation of Cav-1 dramatically worsened it, with
no effect on necrotic death. More importantly, our results
showed that the inhibition of PA-induced apoptotic death
by 3-MA disappeared in Cav-1 knockdowned cells, sug-
gesting that the degradation of Cav-1 is responsible for
PA-induced autophagy-dependent apoptotic cell death.
Although the anti-apoptotic role of Cav-1 has also been
demonstrated in cortical astrocytes exposed to OGD23,
the mechanisms by which Cav-1 alleviates apoptosis
remain unclear. Our study showed that the over-
expression of Cav-1 inhibited the upregulation of Fas
induced by PA, suggesting Fas maybe implicated in the
anti-apoptotic role of Cav-1. Consistent with our results,
the Fas expression was increased in Cav-1−/− lung
fibroblasts47. Again, other signaling pathways were
reported to be involved in the cytoprotective role of Cav-
1: Cav-1 protected against hypoxia-induced astrocyte
apoptosis via the Ras/Raf/ERK pathway23; Cav-1 pre-
vented the ischemic cell death of neurons via Src kinase
and ERK 1/2 pathway51; Cav-1 abrogated TGF-β triggered
apoptosis through non-Smad AKT signaling in hepato-
cytes52; Cav-1 protected against hepatic ischemia/reper-
fusion injury by ameliorating peroxynitrite-induced
cellular damage53.
In addition to the anti-apoptotic properties of Cav-1,

its role in anti-inflammation was evaluated in our pre-
sent study. Our results indicated that the autophagic
degradation of Cav-1 contributes to PA-induced
inflammation through NF-κB activation. The inhibi-
tion of inflammation by Cav-1 has been demonstrated in
different cells and animal models: Cav-1 overexpression
decreased LPS-induced inflammation in macrophages54;
Cav-1 scaffolding domain peptide inhibited psoriasis-
like skin inflammation induced by imiquimod55; Cav-1
deletion aggravated brain inflammation induced by
traumatic brain injury24 and lung inflammatory
response to LPS56. Yet, paradoxically, Cav-1 Tyr14
phosphorylation mediated inflammation through inter-
acting with TLR4 57–59, suggesting the phosphorylation
status of Cav-1 protein influences the functional role of
Cav-1 in inflammation.
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Epidemiological studies indicate that a high-fat dietary
contributes to neurodegenerative disease60,61. The current
study suggests that PA or HFD may accelerate neurode-
generative diseases through arrest of neuron cell cycle in
the G2/M phase and elevation of endoplasmic reticular
stress60. Consider for the damage of astrocytes also con-
tributes to the development of neurodegenerative dis-
eases, studying how PA induced cellular damage of
astrocytes might reveal the novel mechanism by which
PA/HFD aggravates neurodegenerative diseases.
Together, our results demonstrate the autophagic

degradation of Cav-1 may be responsible for PA-induced
apoptosis and inflammation in hippocampal astrocytes
(Supplementary Fig. 5). Therefore, strategies to inhibit the
autophagic degradation of Cav-1 may prove to be bene-
ficial to reverse lipotoxicity caused by PA accumulation in
CNS.

Materials and methods
Antibodies and reagents
Antibodies and their sources: antibodies against LC3B

(2775), CASP3/caspase3 (9662), cleaved CASP3/caspase3
(9661), GFAP (3670), Bcl-2 (2870), and Bax (2772) were
obtained from Cell Signaling Technology. Antibodies
against ATG5 (ab108327), ATG7 (ab52472), GFAP
(ab134436) and Fas (ab82419), NF-κB p65 (ab16502),
Phospho-NF-κB p65 (Ser536) (ab86299) were purchased
from Abcam. Anti-Cav-1(sc-894) for western blot analysis
and immunofluorescence was obtained from Santa Cruz
Biotechnology. Anti-β-actin (A1978) was obtained from
Sigma. PA (C16:0, saturated fatty acid), CQ, and 3-MA
were from Sigma. MG132 was from selleckchem (USA).
The adenoviral Cav-1 (Ad-Cav-1) was kindly provided by
Dr. Duan-Fang Liao (Hunan University of Traditional
Chinese Medicine, Hunan, China).

PA treatment, transfection, and infection in cultured
hippocampal astrocytes
Hippocampal astrocytes were prepared from 1-day-old

male Sprague-Dawley (SD) rat pups as described by
Cristóvão Albuquerque et al.62. Briefly, after 0.125%
Trypsin-EDTA (Gibco Life Technologies, USA) digestion,
the hippocampal cells surgically isolated were seeded on
25 cm2

flasks in Dulbecco’s modified Eagle's medium
(DMEM) (Gibco Life Technologies, USA) containing 10%
fetal bovine serum and 1% (v/v) antibiotics mixture
(penicillin/streptomycin) in a humidified incubator with
5% CO2 at 37 °C. To remove weakly adherent microglia
and oligodendrocytes, flasks were orbitally shaken over-
night (200 rpm at 37 °C) when the culture reached con-
fluence. The astrocytes were passaged three times for
further purification before use. Using this method, cul-
tures containing >95% astrocytes were obtained, which
was verified by immunostaining with GFAP (ab134436)

(Supplementary Fig. 1). The experiments were carried out
as following:
(1) PA treatment: PA (0.25 mΜ) was complexed with

bovine serum albumin (BSA, fatty acid-free, low endo-
toxin) (Millipore, Billerica, MA, USA) at a molar ratio of
3:1 (fatty acid/albumin) in serum-free DMEM. The
astrocytes were incubated with serum-free DMEM over-
night and then treated with freshly prepared PA or BSA
for 4, 8, or 12 h.
(2) Viral infection: The astrocytes were infected using

either Ad-Cav-1 or Ad-null as previously described63. The
efficiency of infections was determined by real-time
quantitative PCR (qPCR) and western blot. The infected
astrocytes were incubated with PA or BSA after 48 h
infection.
(3) Transfection: At 70–80% confluence, the astrocytes

were transfected with Cav-1 siRNA supplied by Invitrogen
or transfected with ATG5 siRNA or ATG7 siRNA
obtained from RiboBio as per the manufacturer’s
instructions, respectively. The efficiencies of the siRNA
were confirmed by real-time qPCR and western blot. The
transfected astrocytes were exposed to PA for 12 h after
48 h transfection.
(4) CQ and 3-MA treatment: the transfected and non-

transfected astrocytes were pretreated with CQ (50 μM)
or 3-MA (10mM) for 1 h prior to the exposure of PA for
the indicated times.

Real-time qPCR
Total RNA isolated by TRIzol reagent (Invitrogen, USA)

was converted to complementary DNA (cDNA) by a
cDNA Synthesis Kit (Gene Copoeia, USA) as per the
manufacturer’s instructions. Subsequently, the cDNAs
were amplified by real-time qPCR with specific primers
(Supplementary Tab. 1) and SYBR-Green dye (Gene
Copoeia, USA). PCRs were performed with the following
parameters: pre-denaturation at 95 °C for 5 min, 40 cycles
of denaturation at 95 °C for 10 s, annealing at 60 °C for 20
s, extension at 72 °C for 30 s. β-Actin was used as an
internal control.

Western blot analysis
Having experiments performed, the hippocampi were

dissected from rat brains after perfusion with saline and
sacrificed under deep anesthesia. The protein of hippo-
campi was homogenized and extracted as described pre-
viously64. Briefly, samples were homogenized in iced RIPA
Lysis Buffer (Beyotime, China) containing 1mM PMSF
and 0.1% cocktail (Sigma, USA). Protein concentration
was determined using a BCA Protein Assay Kit (Beyotime,
China).
Astrocytes were washed with cold phosphate-buffered

saline and lysed with RIPA Lysis Buffer (Beyotime, China)
containing 1 mM PMSF and 0.1% cocktail (Sigma, USA)
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on ice. The cell extracts were obtained via centrifuging
(13,000 × g, 20 min) at 4 °C. Twenty micrograms protein
samples were separated on SDS-polyacrylamide gels
(SDS-PAGE). The separated proteins were transferred
onto PVDF membranes (Millipore, USA) which were
incubated with the primary antibodies after the block of
non-specific protein binding sites using 5% non-fat milk.
Membranes were then washed and reacted with second-
ary antibodies (ZSGB-BIO, China). Each protein band was
quantified by the Image J analysis system (NIH, Bethesda,
MD, USA) and densitometrically normalized to that of β-
actin. Again, we analyzed the Bax/Bcl-2 ratio rather than
Bax and Bcl-2 alone, because the Bax/Bcl-2 ratio appears
more important in determining the apoptotic potential of
cells than the expression of Bax or Bcl-2 individually65.

Immunofluorescence
For immunofluorescence, the whole brain was dis-

sected and fixed in 4% paraformaldehyde prior to the
embedment in paraffin. The brains were sectioned cor-
onally at 5-μm thickness and 1% bovine serum albumin
(BSA) (Sigma, USA) was used to avoid the non-specific
staining on the sections. The sections were incubated
with GFAP (ab134436) and Cav-1 or LC3B prior to
exposure to Alexa Fluor 594-conjugated goat anti-rabbit
secondary antibody (ZSGB-BIO, China) and Alexa Fluor
488-conjugated donkey anti-chicken secondary anti-
body (ZSGB-BIO, China). The slides were stained with
DAPI and mounted.
The astrocytes were plated onto 20 mm diameter glass

coverslips and starved overnight by serum-free DMEM
before the PA treatment with or without CQ for 12 h. The
astrocytes were harvested and fixed in 4% paraformalde-
hyde. The fixed astrocytes were permeabilized by 0.3%
Triton-X-100 and subsequently incubated with 1% BSA.
The astrocytes were labeled with primary antibodies
GFAP (ab134436) and Cav-1 or LC3B prior to incubation
with Alexa Fluor 594-conjugated goat anti-rabbit sec-
ondary antibody (ZSGB-BIO, China) or Alexa Fluor 488-
conjugated donkey anti-chicken secondary antibody
(ZSGB-BIO, China). The nucleus was stained with DAPI
before the slides were mounted. The fluorescence images
were randomly taken by a wide-field fluorescence
microscope (Leica, Wetzlar, Germany) at 200×magnifi-
cation. Fields of view were randomly chosen by an
observer blinded to experimental groups and measured
with Image J software.

Annexin V-FITC/PI staining
The astrocytes were collected and stained using

Annexin V-FITC and propidium iodide (PI) staining kit
obtained from BD Biosciences as per the protocol pro-
vided by the manufacturer. Briefly, the astrocytes were
resuspended and incubated with Annexin V-FITC and PI

for 15min. The dead cells were detected within 1 h using
flow cytometry purchased from Becton Dickinson.

Transmission electron microscopy
The cells were harvested and fixed in a solution con-

taining 2.5% glutaraldehyde in 0.1M sodium cacodylate
overnight and then samples were processed in the Elec-
tron Microscopy Core at Xiang-Ya Hospital, Central
South University. Cell pellets were postfixed with 1%
osmium tetroxide and dehydrated. The samples were
embedded before being cut into ultrathin sections. The
sections were examined on a Hitachi HT7700 electron
microscope (Hitachi, Tokyo, Japan) after uranyl acetate
and lead nitrate staining.

Animal preparations
The 2-month-old male SD rats were supplied by the

Experimental Animal Center of Central South University
(Hunan, China) and housed two per cage under a 12 h
light/dark cycle. After acclimation with ad libitum access
to a standard chow diet and sterile water for 1 week, SD
rats were randomly divided into two groups: one group
(n= 5) continuing with standard rat chow (17% kcal from
fat) and the other group (n= 5) changing to the HFD
(60.3% kcal from fat, purchased from SLAC Laboratory
Animal Co. Ltd, Hunan, China) for 20 weeks66 for
immune fluorescence. Additional control rats (n= 5) and
HFD rats (n= 5) prepared as described above were for
real-time PCR and western blot. The procedures above
were conducted according to the guidelines of the NIH
Guidelines for Care and Use of Laboratory Animals.

Biochemical measurements
Serum triglyceride (TG), total cholesterol (TC), and

FFA levels were measured after 20 weeks of dietary
interventions. All the animals were fasted for 12 h before
blood collection by cardiac puncture with the animals
under deep anesthesia. Serum cholesterol and triglyceride
were evaluated by commercial kits bought from Beijing
Applygen Technologies Inc. The levels of FFAs was
quantified using a kit from Wako Pure Chemicals (Rich-
mond, VA, USA).

TUNEL staining assay
The 5 μm paraffin brain sections were prepared as

previously described. A commercial kit (In Situ Cell Death
Detection Kit; Roche, Penzberg, Germany) was used for
TUNEL labeling according to the manufacturer’s
instructions. In brief, sections were incubated with the
reaction mixture containing terminal deoxynucleotidyl
transferase (TdT) and fluorescein-conjugated deoxyur-
idine triphosphate (dUTP) for 1 h at 37 °C. After TUNEL
staining, sections were incubated with antibody for GFAP
(3670) to identify astrocyte. Then sections were exposed

Chen et al. Cell Death and Disease  (2018) 9:771 Page 11 of 13

Official journal of the Cell Death Differentiation Association



to secondary antibody Alexa Fluor®594 anti-mouse
Immunoglobulin G (1:200, ZSGB-BIO, China). Finally,
the nucleus was stained with DAPI before the slides were
mounted. Sections were then analyzed under a wide-field
fluorescence microscope (Leica, Wetzlar, Germany) with
400× magnification. Fields of view were randomly selected
by an observer blinded to experimental groups and
counted by Image-Pro Plus software (Media Cybernetics,
USA).

Statistical analysis
Quantitative data were presented as the mean ± S.E.M.

The statistical comparisons were performed by Student’s
t-test for two groups or one-way ANOVA followed by
Tukey’s test for at least three groups. P < 0.05 was con-
sidered statistically significant.

Acknowledgements
This work was supported by the National Natural Science Foundation of China
(No. 81573480, 81402915, 81670771, and 81470046) and the Hunan Provincial
Health Planning Commission fund (No. 20180827).

Author details
1Department of Endocrinology, Xiang-Ya Hospital, Central South University,
Changsha, China. 2Department of Pharmaceutical Engineering, College of
Chemistry and Chemical Engineering, Central South University, Changsha,
China. 3Institute of Clinical Medicine, Hunan Provincial People’s Hospital, The
First Affiliated Hospital of Hunan Normal University, Changsha, China

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-018-0795-3).

Received: 9 February 2018 Revised: 4 June 2018 Accepted: 6 June 2018

References
1. Murphy, M. G., Jollimore, C., Crocker, J. F. & Her, H. Beta-oxidation of [1-14C]

palmitic acid by mouse astrocytes in primary culture: effects of agents
implicated in the encephalopathy of Reye’s syndrome. J. Neurosci. Res. 33,
445–454 (1992).

2. Lopes-Cardozo, M., Larsson, O. M. & Schousboe, A. Acetoacetate and glucose
as lipid precursors and energy substrates in primary cultures of astrocytes and
neurons from mouse cerebral cortex. J. Neurochem. 46, 773–778 (1986).

3. Opie, L. H. & Walfish, P. G. Plasma free fatty acid concentrations in obesity.
N. Engl. J. Med. 268, 757–760 (1963).

4. Reaven, G. M., Hollenbeck, C., Jeng, C. Y., Wu, M. S. & Chen, Y. D. Measurement
of plasma glucose, free fatty acid, lactate, and insulin for 24 h in patients with
NIDDM. Diabetes 37, 1020–1024 (1988).

5. Dhopeshwarkar, G. A. & Mead, J. F. Uptake and transport of fatty acids into the
brain and the role of the blood-brain barrier system. Adv. Lipid Res. 11,
109–142 (1973).

6. Smith, Q. R. & Nagura, H. Fatty acid uptake and incorporation in brain: studies
with the perfusion model. J. Mol. Neurosci. 16, 167–172 (2001). discussion
215-121.

7. Gupta, S., Knight, A. G., Gupta, S., Keller, J. N. & Bruce-Keller, A. J. Saturated long-
chain fatty acids activate inflammatory signaling in astrocytes. J. Neurochem.
120, 1060–1071 (2012).

8. Wang, Z. et al. Cytoprotective effects of melatonin on astroglial cells subjected
to palmitic acid treatment in vitro. J. Pineal Res. 52, 253–264 (2012).

9. Chung, K. W. et al. The critical role played by endotoxin-induced liver
autophagy in the maintenance of lipid metabolism during sepsis. Autophagy
13, 1113–1129 (2017).

10. Yang, C. et al. NRBF2 is involved in the autophagic degradation process of
APP-CTFs in Alzheimer disease models. Autophagy 13, 2028–2040 (2017).

11. Tang, F. L. et al. VPS35 in dopamine neurons is required for endosome-to-
Golgi retrieval of Lamp2a, a receptor of chaperone-mediated autophagy that
is critical for alpha-Synuclein degradation and prevention of pathogenesis of
Parkinson’s disease. J. Neurosci. 35, 10613–10628 (2015).

12. Gonzalez-Rodriguez, A. et al. Impaired autophagic flux is associated with
increased endoplasmic reticulum stress during the development of NAFLD.
Cell Death Dis. 5, e1179 (2014).

13. Yu, L. et al. Autophagic programmed cell death by selective catalase degra-
dation. Proc. Natl. Acad. Sci. USA 103, 4952–4957 (2006).

14. Nezis, I. P. et al. Autophagy as a trigger for cell death: autophagic degradation
of inhibitor of apoptosis dBruce controls DNA fragmentation during late
oogenesis in Drosophila. Autophagy 6, 1214–1215 (2010).

15. Gump, J. M. et al. Autophagy variation within a cell population determines cell
fate through selective degradation of Fap-1. Nat. Cell Biol. 16, 47–54 (2014).

16. Khan, M. J. et al. Inhibition of autophagy rescues palmitic acid-induced
necroptosis of endothelial cells. J. Biol. Chem. 287, 21110–21120 (2012).

17. Li, S. et al. Excessive autophagy activation and increased apoptosis are asso-
ciated with palmitic acid-induced cardiomyocyte insulin resistance. J. Diabetes
Res. 2017, 2376893 (2017).

18. Jia, S. N. et al. The transcription factor p8 regulates autophagy in response to
palmitic acid stress via a Mammalian Target of Rapamycin (mTOR)-indepen-
dent signaling pathway. J. Biol. Chem. 291, 4462–4472 (2016).

19. Yin, J. et al. Rapamycin improves palmitate-induced ER stress/NF kappa B
pathways associated with stimulating autophagy in adipocytes. Mediat.
Inflamm. 2015, 272313 (2015).

20. Quest, A. F. et al. The caveolin-1 connection to cell death and survival. Curr.
Mol. Med. 13, 266–281 (2013).

21. Cameron, P. L., Ruffin, J. W., Bollag, R., Rasmussen, H. & Cameron, R. S. Iden-
tification of caveolin and caveolin-related proteins in the brain. J. Neurosci. 17,
9520–9535 (1997).

22. Ring, A., Le Lay, S., Pohl, J., Verkade, P. & Stremmel, W. Caveolin-1 is required for
fatty acid translocase (FAT/CD36) localization and function at the plasma
membrane of mouse embryonic fibroblasts. Biochim. Biophys. Acta 1761,
416–423 (2006).

23. Xu, L. et al. Caveolin-1 is a checkpoint regulator in hypoxia-induced astrocyte
apoptosis via Ras/Raf/ERK pathway. Am. J. Physiol. Cell Physiol. 310, C903–910
(2016).

24. Niesman, I. R. et al. Traumatic brain injury enhances neuroinflammation and
lesion volume in caveolin deficient mice. J. Neuroinflamm. 11, 39 (2014).

25. Martinez-Outschoorn, U. E. et al. Autophagy in cancer associated fibroblasts
promotes tumor cell survival: Role of hypoxia, HIF1 induction and NFkappaB
activation in the tumor stromal microenvironment. Cell Cycle 9, 3515–3533
(2010).

26. Chen, Y. et al. Tyrosine kinase receptor EGFR regulates the switch in cancer
cells between cell survival and cell death induced by autophagy in hypoxia.
Autophagy 12, 1029–1046 (2016).

27. Choi, S. E. et al. Protective role of autophagy in palmitate-induced INS-1 beta-
cell death. Endocrinology 150, 126–134 (2009).

28. Liu, W. R. et al. Caveolin-1 promotes tumor growth and metastasis via
autophagy inhibition in hepatocellular carcinoma. Clin. Res. Hepatol. Gastro-
enterol. 40, 169–178 (2016).

29. Shi, Y. et al. Critical role of CAV1/caveolin-1 in cell stress responses in human
breast cancer cells via modulation of lysosomal function and autophagy.
Autophagy 11, 769–784 (2015).

30. Ulloth, J. E., Casiano, C. A. & De Leon, M. Palmitic and stearic fatty acids induce
caspase-dependent and -independent cell death in nerve growth factor dif-
ferentiated PC12 cells. J. Neurochem. 84, 655–668 (2003).

31. Kim, S. K., Yun, M., Seo, G., Lee, J. Y. & Lee, S. B. Palmitate induces RIP1/RIP3-
dependent necrosis via MLKL-mediated pore formation in the plasma
membrane of RAW 264.7 cells. Biochem. Biophys. Res. Commun. 482,
359–365 (2017).

Chen et al. Cell Death and Disease  (2018) 9:771 Page 12 of 13

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-018-0795-3
https://doi.org/10.1038/s41419-018-0795-3


32. Zhao, G. & Flavin, M P. Differential sensitivity of rat hippocampal and cortical
astrocytes to oxygen-glucose deprivation injury. Neurosci. Lett. 285, 177–180
(2000).

33. Rossi, D. Astrocyte physiopathology: at the crossroads of intercellular
networking, inflammation and cell death. Prog. Neurobiol. 130, 86–120
(2015).

34. Mizushima, N., Levine, B., Cuervo, A. M. & Klionsky, D. J. Autophagy fights
disease through cellular self-digestion. Nature 451, 1069–1075 (2008).

35. Tan, S. H. et al. Induction of autophagy by palmitic acid via protein kinase C-
mediated signaling pathway independent of mTOR (mammalian target of
rapamycin). J. Biol. Chem. 287, 14364–14376 (2012).

36. Tu, Q. Q. et al. Palmitic acid induces autophagy in hepatocytes via JNK2
activation. Acta Pharmacol. Sin. 35, 504–512 (2014).

37. Jiang, X. S. et al. Autophagy protects against palmitic acid-induced apoptosis
in podocytes in vitro. Sci. Rep. 7, 42764 (2017).

38. Park, E. J., Lee, A. Y., Park, S., Kim, J. H. & Cho, M. H. Multiple pathways are
involved in palmitic acid-induced toxicity. Food Chem. Toxicol. 67, 26–34
(2014).

39. Wang, T. et al. Cinnamtannin D-1 protects pancreatic beta-cells from palmitic
acid-induced apoptosis by attenuating oxidative stress. J. Agric. Food Chem. 62,
5038–5045 (2014).

40. Periyasamy, P., Guo, M. L. & Buch, S. Cocaine induces astrocytosis
through ER stress-mediated activation of autophagy. Autophagy 12,
1310–1329 (2016).

41. Jia, L., Gopinathan, G., Sukumar, J. T. & Gribben, J. G. Blocking autophagy
prevents bortezomib-induced NF-kappaB activation by reducing I−kappa-
Balpha degradation in lymphoma cells. PLoS ONE 7, e32584 (2012).

42. Pan, H. et al. Autophagy mediates avian influenza H5N1 pseudotyped
particle-induced lung inflammation through NF-kappaB and p38 MAPK
signaling pathways. Am. J. Physiol. Lung Cell. Mol. Physiol. 306, L183–195
(2014).

43. Fang, P. et al. Targeted inhibition of GATA-6 attenuates airway inflammation
and remodeling by regulating caveolin-1 through TLR2/MyD88/NF-kappaB in
murine model of asthma. Mol. Immunol. 75, 144–150 (2016).

44. Kassan, M. et al. Sirtuin1 protects endothelial Caveolin-1 expression and pre-
serves endothelial function via suppressing miR-204 and endoplasmic reti-
culum stress. Sci. Rep. 7, 42265 (2017).

45. Li, M. et al. Caveolin1 protects against diet induced hepatic lipid accumulation
in mice. PLoS ONE 12, e0178748 (2017).

46. Chen, Z. H. et al. Interaction of caveolin-1 with ATG12-ATG5 system suppresses
autophagy in lung epithelial cells. Am. J. Physiol. Lung Cell Mol. Physiol. 306,
L1016–1025 (2014).

47. Chen, Z. H. et al. Autophagy protein microtubule-associated protein 1
light chain-3B (LC3B) activates extrinsic apoptosis during cigarette smoke-
induced emphysema. Proc. Natl. Acad. Sci. USA 107, 18880–18885
(2010).

48. Martinez-Outschoorn, U. E. et al. Tumor cells induce the cancer associated
fibroblast phenotype via caveolin-1 degradation: implications for breast can-
cer and DCIS therapy with autophagy inhibitors. Cell Cycle 9, 2423–2433
(2010).

49. Shi, D. et al. Caveolin-1 contributes to realgar nanoparticle therapy in human
chronic myelogenous leukemia K562 cells. Int. J. Nanomed. 11, 5823–5835
(2016).

50. Dias, M. V. et al. PRNP/prion protein regulates the secretion of exosomes
modulating CAV1/caveolin-1-suppressed autophagy. Autophagy 12,
2113–2128 (2016).

51. Head, B. P. et al. Caveolin-1 expression is essential for N-methyl-D-aspartate
receptor-mediated Src and extracellular signal-regulated kinase 1/2 activation
and protection of primary neurons from ischemic cell death. FASEB J. 22,
828–840 (2008).

52. Meyer, C., Liu, Y., Kaul, A., Peipe, I. & Dooley, S. Caveolin-1 abrogates TGF-beta
mediated hepatocyte apoptosis. Cell Death Dis. 4, e466 (2013).

53. Gao, L. et al. Caveolin-1 protects against hepatic ischemia/reperfusion injury
through ameliorating peroxynitrite-mediated cell death. Free Radic. Biol. Med.
95, 209–215 (2016).

54. Wang, X. M., Kim, H. P., Song, R. & Choi, A. M. Caveolin-1 confers antiin-
flammatory effects in murine macrophages via the MKK3/p38 MAPK pathway.
Am. J. Respir. Cell Mol. Biol. 34, 434–442 (2006).

55. Yamaguchi, Y., Watanabe, Y., Watanabe, T., Komitsu, N. & Aihara, M. Decreased
expression of Caveolin-1 contributes to the pathogenesis of psoriasiform
dermatitis in mice. J. Invest. Dermatol. 135, 2764–2774 (2015).

56. Garrean, S. et al. Caveolin-1 regulates NF-kappaB activation and lung inflam-
matory response to sepsis induced by lipopolysaccharide. J. Immunol. 177,
4853–4860 (2006).

57. Petriello, M. C., Han, S. G., Newsome, B. J. & Hennig, B. PCB 126 toxicity is
modulated by cross-talk between caveolae and Nrf2 signaling. Toxicol. Appl.
Pharmacol. 277, 192–199 (2014).

58. Jiao, H. et al. Caveolin-1 Tyr14 phosphorylation induces interaction with TLR4
in endothelial cells and mediates MyD88-dependent signaling and sepsis-
induced lung inflammation. J. Immunol. 191, 6191–6199 (2013).

59. Sun, L. N. et al. Curcumin prevents diabetic nephropathy against inflammatory
response via reversing caveolin-1 Tyr14 phosphorylation influenced TLR4
activation. Int. Immunopharmacol. 23, 236–246 (2014).

60. Hsiao, Y. H., Lin, C. I., Liao, H., Chen, Y. H. & Lin, S. H. Palmitic acid-induced
neuron cell cycle G2/M arrest and endoplasmic reticular stress through pro-
tein palmitoylation in SH-SY5Y human neuroblastoma cells. Int. J. Mol. Sci. 15,
20876–20899 (2014).

61. Fu, Z. et al. Long-term high-fat diet induces hippocampal microvascular insulin
resistance and cognitive dysfunction. Am. J. Physiol. Endocrinol. Metab. 312,
E89–E97 (2017).

62. Albuquerque, C., Joseph, D. J., Choudhury, P. & MacDermott, A. B. Dissection,
plating, and maintenance of cortical astrocyte cultures. Cold Spring Harb.
Protoc. 2009, pdbprot5273 (2009).

63. Wu, J. et al. High glucose induces formation of tau hyperphosphorylation via
Cav-1-mTOR pathway: a potential molecular mechanism for diabetes-induced
cognitive dysfunction. Oncotarget 8, 40843–40856 (2017).

64. Wang, S. et al. mTOR-mediated hyperphosphorylation of tau in the hippo-
campus is involved in cognitive deficits in streptozotocin-induced diabetic
mice. Metab. Brain Dis. 29, 729–736 (2014).

65. Oltvai, Z. N., Milliman, C. L. & Korsmeyer, S. J. Bcl-2 heterodimerizes in vivo with
a conserved homolog, Bax, that accelerates programmed cell death. Cell 74,
609–619 (1993).

66. Sobesky, J. L. et al. High-fat diet consumption disrupts memory and primes
elevations in hippocampal IL-1beta, an effect that can be prevented with
dietary reversal or IL-1 receptor antagonism. Brain Behav. Immun. 42, 22–32
(2014).

Chen et al. Cell Death and Disease  (2018) 9:771 Page 13 of 13

Official journal of the Cell Death Differentiation Association


	The autophagic degradation of Cav-1 contributes to PA-induced apoptosis and inflammation of astrocytes
	Introduction
	Results
	PA caused apoptotic death of astrocytes by autophagic induction
	PA increased the expression of proinflammatory cytokines and p-NF-κB by autophagic induction in astrocytes
	Cav-1 was degraded by PA-induced autophagy
	The degradation of Cav-1 was responsible for PA-induced autophagy-dependent apoptotic cell death and inflammation
	Chronic HFD induced Cav-1 degradation, apoptosis, autophagy, and inflammation in the hippocampal astrocytes of rats

	Discussion
	Materials and methods
	Antibodies and reagents
	PA treatment, transfection, and infection in cultured hippocampal astrocytes
	Real-time qPCR
	Western blot analysis
	Immunofluorescence
	Annexin V-FITC/PI staining
	Transmission electron microscopy
	Animal preparations
	Biochemical measurements
	TUNEL staining assay
	Statistical analysis

	ACKNOWLEDGMENTS




